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A lETHOD FOR STUDYING PISTON FRICTION 
By J« S. Forbos and Eo S. Taylor 

INTRODUCTION 

The purpose of this invostigation v<r-s to dcvolop a rnothod 
for doterniiiiing diroccly the friction force bcti^voen tho piston 
and cylinder of an interr^al combustion engine* 

Tho iTiothod consists in olastically nounting the cylinder 
barrel so thrt-it can have a suall motion parallel to its axis, 
and providing suitable noans for recording its instantaneous 
displacoraont. 

DESCRIPTION OF APPARATUS 
Cylinder and Cylinder Head 

The cylinder barrel in the for;r. of a light sleeve (sec 
fig» 1(1)) is clairiped on the inner cir cur-f orcnces of two 
ar^nular stool diaphragms (2), Tho ou.tor circur.if orontial edges 
of the diaphragr.-^s are clamped to a cylindrical v\n:.tcr jacket (3) 
by riioans of a steel plate (4) at one end and the cylinder head 
(5) at the other ond# 

Tho cylinder head closes the conbustion chamber v/ith a 
piston-she pud section^ This section is mchined so as to form 
a labyrinth seal (6) to tho conbustion • gases , and yet not restrain 
tho cyliader-sleevc motion* Tho labyrinth section of the head 
is load-pl;.ted so as to insure a close fit with a niriuum of 
frictiont 

Tv:o spark-plug wells (?) and a vrell containing an optical 
lever (8) arc scaled off from the jacket cooling water by moo-ns 
of flexible neoprene seals (9)* These seals uxert no appreciable 
constraint on the cylinder motion* 
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Vent holoG (IC) drillod in the i^idc of the oylindor h^ad 
into the sp-.cc above thi diaphrosra take care of gas lo. Jcago 
through the labyrinth, and assure atmcsphorio prcssurj on the 
uoper diaphragiTio 

Heducticn of gas leakage through the lao^Tinth i^ provided 
by a duct (ll) leading through the top of the cylinder head to 
the center of the labyrintho Lubricating oil siLiilar to that 
used in the engine is pumped by means of an externally driven 
oil pujnp through this duct at a pressure of aoout $0 pounds per 
square inch« The oil passes throu.gii the labyrinth into the 
space (12) above the upper c^iaphr-^gin and then out through the 
vent holes to t'lio oil-pump reservoir* Under favorable running 
conditions only a sniall percentage of this sealing oil flo-vs into 
the combustion chamber. 



Cylinder-Displacement Measuring System 

The disolacement of the cylinder slee/e is recorded photo- 
graphically on laotion-picture film by means of an optical lever 
and strip camera (reference l). (See figs» 2, 3$ ) 
A filra speed of inches por second was used thj:'oughout the 
tests. The magnification of the cylinder -si cove displacement^ 
by means of the optical sysbem, ^vas 7Ce6. (See fig. 6.) Cali- 
bration curves of the static performance of the recording 
system at two different wr..ter- oket temperatures are shorn in 
figure 7« These and similar curves were obtained by statically 
loading the r;ssemblcd cylinder v/hen the regular cylinder head 
had been replaced by a "dummy head*" This dummy head vras a steel 
ring Y/hich claraped the outer edge of the upper diaphragm firmly 
in its place* A steel plug fitting into the exposed end of the 
cylinder served as a loading platform* During these tests the 
piston v;as removed from the cylinder* Actual sle3ve displacement 
due to static load v;as measured by a sensitive dial gage. Strips 
of film v/ere run through the camera vdth a "id i^ithout each static 
load* Those records gave the net film-trace displa ceir.ents 
corresponding to the dial-gage readings or loads* 

The curves of figure 7 shov; tl'^at the stiffncis of the 
diaphragms varies vdth v/ater- jacket temperature. A curve of 
diar^hragm stiffness covering the temperature-operating range 
of the tests presented in this report is sixown in figure 6* 



Pistons 



The aluniniim-alloy piston with its five caet-iron piston 
rings sho^m in figure 9 v;as used throughout the tests pertaining 
to. tho effects of speed, load, and viscosity* Tho oast-iron 
piston, also illustrated in figure 9, was used only in the 
"running-in" test* 

Engine 

The complete cylinder a^n^enbly v/as nounted on a sto.ndard 
CFR crankcase, A shorter connecting red (length = 8.00 in.) 
tlian standard vdth tho CFR v/as used, giving a crank- throw to 
conrieoting-rod-length ratio of 0*2bl# The bore and stroke v;ero 
standard 3.25^ by 4#5 inchest The corapression ratio v;as 

Lubrication Systora 

The standard CFR oil pump v/tas rerrioved, and a r.otor-dr iven 
oil pump substituted to circ\;lato tho eng;ine«^ lubricating oil. 
Oil tempore tare ams controlled by means of a heat exchanger 
thorough v/liioh either steam or water or both could be circulated. 
Oil tomi-^ jraturo was measured in tho oil pump by moans of a vapor- 
pressure thenriorrieter. 



Cooling Syj-^tem 

Cooling v/as accomplished by a closed system cons is bing of 
a 7-gallon tank, a separately motor-driven centrifugal pump, a 
heat exchanger, end the cylinder water jacket. The hoat exchanger 
W8.S similar to that used on the lubricating system* Distilled 
TOter containing a rust ir^hibitor '."'J^s used in this closed system 
so as to reduce resting of the oxoosed areas of the diaphragms 
and tho cylinder sleeve. A mercury-in-glass therianmeter in- 
serted in the upper end of tho v^ter jacket vras used to measure 
the jacket-water temperature. Cold tap water v/r.s circulated 
through the cylinder h.;ad# The temperature of thii3 water was 
measured :rj a mercury-in-glass thermometor located at tho cooling- 
v/ator outlet of the hG:..d. 
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Inlet Syr; ton 

Fvcl-air i?.ixturu was supplied to t?ie ongino from a va-Qorizing 
taiik (roferorice 2)» The inl^t air passed through a f ucl-nixing 
orifice inserted in the -vaporizing: tank. The air flow to the tank 
v/-as controlled by a tlirotblin^ to.Ivo* Fuel was raoaoured by inca/is 
of a calibrated rotaraotor. i^Aixturo te-aperature v/as measured by 
a mercury- in-glas3 tl-.cr-nomcter plac;;d in the inlet pipe* Vaporiz- 
ing tank pressure ¥;r^.s measured by a mercury manometer* 

EDginc Instrumvonts 

En';;ine speed wao controlled by a comjination of a conventional 
tachometer and a strobosco'oic li!:ht runr.dn,r directly from the 60- 
cyclo GUDply that illu.ainatcd painted strips on the fly/meel 
(reference 2). electric dynaraometer vv.-.\s used* Pressure 

against crank-an.'-lc diagrariis ''/as obtained from the standard hi,l*T» 
balanced-pressure indici.tor uc-in:;; an lUI.T* diaT)h.raf:Tri pressure 
unit {rofcrcnccs 3 '^^^^ 



RESULTS AJID DISCUSSION 
R.:-cuction of Data 



A t^^r^ical photographic record of the sleeve displace;nent 
is sho^vn in figure 10, which is a firing record taken at 2035 
rpm. Ti'iC hca-^7^'' vertical lines are the tor-ocnter locating lines 
produced by a flashing neon light. (See fig* 2.) This neon 
light flashes simultaneously with the ignition spark. The 
position of the neon lighc in the camera is such as to mark the 
film 0«26 inch from the record trace and thus locate the ignition 
craxilz angle on the time a:x:is. 9 dcgroos of cranlc angle along 
the film axis, vn.th a film speed of 2^ inches per second and an 
engine speed N rpm, correspond to a length L on tliis axis 
equal to 4#17 S/N inch© Hence top center on the film trace is 
located a distance (0.26 - L) inch along the tir.ie a:cis to the 
left of the center of the noon lamp flash* 

The dim diffuse line appearing parallel to the time axis in 
most of the records is a reflected trace of the light source from 
the front surface of the lens. The records in general show 
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essentially three typos of excitation of the cleovep that is, 
ovcr-ail displacenents oorrespondins to the piston strokes, a 
rather prominent excitation occurring; during tho firing stroke, 
and finally some high-f roquency excitation of comparatively lov;- 
amplitude. Photographic records of the natur^.1 frequency of 
vibration of the cylinder sleeve v/ith engine completely assenblod, 
also ivith piston removed, and the dui.jmy head in place of the 
regular cylinder head are shovm in figure 1]. Those records 
together with calculations made of the natural frequency of 
vioration of the sleeve from its kno^vn stiffness and Vvroight show 
thLit the prominent excitation of tho sleeve in all the records 
corresponds to its natural frequericy. The origin of the high- 
frequency excitation is not conclusirely known© 

Owing to the fact that the dicpnragm. system '..^s sensitive 
to temperature changes, there appeared to be no satisfactory 
m.othod of recording on the filJis a "zero line," that is, a line 
indicating the equilibrium position of the cylinder sleeve when 
no force v/as acting on it* Establis'.imont of tlic probable zero 
lino was accomplirshed in tl^e follov:ing manixor: An enlarged 
trace of tho photographic record v/as made in an enlarging camera* 
A straight line parallel to the film motion is then so dravai as 
to intersect t:\o enlarged record at four equally spaced points 
during the time inter^^r.l of each cycle. T'ds line is then taken 
as the zero line from v/hicn all displacements on tho enlarged 
record are measured^ From the mn.gnifi caution of the enlargement 
and the stiffness calibration curve (fig« 6), tho displacements 
are readily converted into equivalent piston-friction forces on 
the assumption that tlio inertia and damping forces aro negligible 
compar:;d to the diaphragm force. 

Wkilc the location of tho true zero line may be sonov/hat in 
doubt, and thus produce errors in the true instantaneous piston- 
friction forces, it is signif icr.nt that the piston-friction work, 
as obtained from, tho v/ork loops, is not subject to any error 
made in locating this line. The work loops are the basis for 
computing piston-friction mean-off cot ive pressures, ond tho 
piston- friction horsepov/ers heroin reported, and hence these 
values aro not subject to zero-line location errors* 

The effects of speed upon piston friction were first 
m.easurcd. Both motoring and firing runs v/ore made over a speed 
range of lOOG to 2500 rpm at full -throttle setting. The mixture 
ratio was sot in all cases at best povs'oro Spark advcnco vjas kept 
constojit at 22^. Cylinder-sleeve oooling-wr.ter tomperaturo and 
oil temperature were each kept constant at iBO^ F. Inlet-mixture 
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te-ipcrature v/o.s iiiaintairxcd constant at 140^ F, and cylixid-r-hGad 
coolinc-v/ator tGP.pcraturo at $0^ F. A lev; cylindcr-hcad cooling- 
v/atcr tcnpcrature was maintained so as to mininizc tYiO possibi lity 
of melting the lead plating on the labyrinth section of th?. 
cylinder head. The lubricating oil used in these runs v/as SMJ 
40, having a viscosity of 23^9 centipoisc at ibO^ F# 

A scries of these speed records is shox'm in figure 12« 

Piston-friction frork cycles obtained from soi.ie of tho3c 
records are cho^.n?. in figure 13* The total area enclosed by the 
tv/o loops reprcGcnts the piston-friction v/ork per cycle. 

The solid-line loops arc for the expansion-c?chaust strokes 
v/hilo the dashed linos arc for the inlet-conpression strokes a 
This scheme of differentiating the two phases '-..nDlies to all 
piston-friction work loops presontod in this reoorta 

Piston-friction raoan-<3f f ecti^e pressures computed from these 
v/ork diagrams arc plotted against speed in figure 14o 

Firing piston-friction mean-effective pressures ov;r the 
tested speed range vary from l8 to 46 percent higher than those 
for motoring. This difference in tic relati^^e r.agnitudo^ shown 
by the piston-friction mean-off ective-prossure curves in figure 
14, probably accounts to o largo o?:tent for the similar divorgonoo 
depicted in the' t^//o indicated moan-ef fectivo-pressure curves* 
The lower indicated mean-cf f ective-prcssure curve v;as obtained 
by adding the brake -motoring and brake-firing curves, whereas the 
other indicator curve v/as obtained by use of the ivLl,T» b'^^h- 
speed engine indicator (references 3 4)« Firir..g piston- 
friction ncan-effcctivo pressure increases linearly v/ith soeed 
and is about 4$ percent greater at 2$00 rpni thr.n at lOCO rpm. 

A cor.siderablo number of chock rur s v:ere made on those 
speed records* Comparison of the check records v/ith those of 
the original runs showed very good reproducibility both in 
magnitude and structure. 

Effect of Load 

The effect of load on piston friction at two different 
speeds is shovm in figure 15, and the corresponding work loops 
are shovm in figure l6. The variation of piston-friction mean- 
effective pressure witii indicated moan-effective pressure for 
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the two diffcrorxt spcods is shown in figuro 17« Tho engine ;ms 
run at the saino tomporaturos and vdth the sane quality oil 
(SAE 40) as in the speed runs. Indicated moan-effective pressures 
v/ere derived fron indicator diagrf.ms obtained v:ith the LT*I»T% 
high-speed engine indicator ( refer oncos 3 -^^^cL 4). 

At 1^00 roLi a change of 1 pound per square inch indicated 
moan-eff octivo pressure produces a change of 0.033 pound per 
square inch in piston-friction moiai-effectivo pressure, v/hilo 
at 2500 rpm a 1-pound change in indicated ncan-ef fectivo orossure 
increases the piston-friction nean-ef rective erensuro 0^026 pound. 

The change of piston- friction moan-of fcctivc pressure with 
speed at any particular load is of the sa^ie order of nagnitudc 
as found in the speed tests. 

Effect of Viscosity 

Dependence of piston- frioti on force on oil and coolins- 
v^-ater teapcraturo is sho'/vn in figure l8« These records both 
of notoring and firing runs wore taken at a constant speed of 
1800 rpii;, with SAE 20 oil. The oil ond cylinder-water- ja elect 
teriperatures were kept equal to each other and varied over a 
range of about 100'^ F. Inlet tor:iperature ivr.s held constant at 
140O F v/hile the head-cooling \vator v/r.s kept at 48^- ?. Spark 
advance v.'as 22^ and nixture ratio set for best povrer. Correspond- 
ing piston- friction vv'ork diagrams e^re shov/n in figure 19 • 

The -variation of viscosities wdth tcuiperature of the tiro 
oils used in those tests is shovm in figure 20. 

Plots of piston-friction noan-ef feet ivo pressure against 
oil viscosity at jacket tcxnperaturo both for motoring and 
firing are shown in figure 21% 

Examination of the firing photographs (fig. lC(b)) shov/s 
a rather interesting porf oriruT^nce at 133^ F v/here alternate 
periods of tv.'-o cycles seen to reproduce thenselves. Examination 
of the piston rings after the runs with S/:E 20 oil shov/od con- 
siderable scuffing. No appreciable scuffing of the rings 
appeared after the runs using SAS 40 oil. The presence of scuffing 
might account for the erratic behavior of the records and the 
irregularity of the lovrer curve in figu.re 21. The fact that tlie 
motoring runs were taken after the firing runs and shov/ an 
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orderly trend r.iight indicate tmt the scuffirxg condition nad 
boon reduced by the time these runs v/cro nad3. Figure shears 
the condition of the rin3S .-.ftor the motoring runs vrith S/iE 20 
oil» 

L comparison of the piston-friction moan-cf fcctivo pressures 
at equal viscosities based on water-jacket tomporatures and at 
the sar:o sneeds and loads for the two oils used in those tests 
is shovm in tuble, both for firing aiid motor i:;!.;:* 
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Piston-Friction Horsepov:cr 



Piston-friction horsopov/er is plotted against ?-otoring 
horsopoKor and firing-friction horsepower in figure 22. The 
f iring-friction-horseoov^rer curves v/ere obtained b;- subtracting 
the firing brake horsepowers from the indicated pov^er taken 
from indicator cards. The curves indicate that for those 
experiients the motoring nistcn-fr ic tion horsepower amounts to 
roughly l6 per cent of the motoring horsepower, and that the 
firing piston-friction horsepower is about 26 percent of the 
•motoring hcrsepov;er« 

It sliould bo noted that motoring and firing- friction hors 
pov/or each includes bearing friction and pumping friction in 
addition to pioton frictiono 

It should bo jucntioned that the sealing oil which leaks 
into the combustion chamber from the cylinder-head labyrinth 
Fiay reduce the piston friction below that which would be 
obtained with norrxil lubrication. 
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Runiiing-In Tost 

For conparctivo purr)03os a now cast-iron piston vj-as sub- 
stituted for' the aluminun-alloy pistoru This piston (soc fig. 
9B) had tlirco piston rings and a skirt much longer than that of 
th^ aluninuri ono. Tho tv/o pistons gave the sano coiiprossion 
ratio. 

Records of notorinA^; friction taken v;ith this piston at 900 
rpm arc sho'^vn as a function of running- in ti:?.o in fi.surc 23« 
At intcr^vr:ils between thoiJC records the ".lotoring speed v/as 
occasionally run up to 1000 rp.i, L.r.d during an early one of 
those speed increases an unsteady brake load indicated signs of 
piston seizing* Exar.iination of tho piston after these runs vforo 
cojipleted showed scoring of th/e piston (fig. 9B) and pick-up on 
the^ cylinder. In spite of the scorin.g, a rather significant 
decrease in piston friction with rur.XLin<--in tiiMO is indicated by 
tho decreasing ar.plitudes of the records in fir,ure 23* 

CONCLUSIONS 

The results ^lust be regarded as of a preliuinary nature 
until iioro experience vatli this apparatus has been obtained^ 
It appears safe to conclude, however, that tho r.icthod has 
interesting possibilities for research in the field of piston 
frictiono Further work is suggested to include an attenpt to 
conpare piston friction :ilono, neasured by uotoring, v/ith piston 
friction obtained by this uethod, and to exolore systenatically 
the effects of differences in piston and ring design. 

Sloan Laboratories for Aircraft and Autonctivc Engines, 
Massachusetts Institute of Technology', 
Camb r idge , Ma s s 9 
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Figure 2.- Details of optical system for recording cylinder 
sleeve displacements. 




Figure 5.- Details of frjction engine camera. 
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Figure 6.- 



Calibration of cylinder sleeve displacement recording 
mechanism. 
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Figure Static load deflection of cylinder sleeve for tv/o differ- 

ent cylinder sleeve cooling water temperatures. 
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Figure 8.^ Apparent stiffness of cylinder sleeve as a function of 
cylinder sleeve cooling water temperature. 
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Figure 10.- Typical piston friction record for engine firing 
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Dummy Cylinder Head — No Piston 
Figure II,- Natural frequency of cylinder sleeve. 
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Figure 12,- Cylinder sleeve displacement as a function of speed. 

Oil and cylinder sleeve cooling water temperatures held 
constant at 180^F. SAE 40 oil. 
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Figure 13.- Piston friction force as a function of piston displacement 
for two speeds at full load. Positive forces correspond to 
up^stroke of piston. Full lines represent expansion- exhaust strokes. 
Oil and cylinder cooling water temperatures 180<^F, SAE 40 oil. 
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Figure 14.- Fiston irictiCri mean effoctive pressure as a function of engine 
speed at full load. Oil and cylinder cooling v;ater temperatures 
180<^F. SAE 40 oil. 
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Figure 15.- Cylinder sleeve displacement as a function of 

loaxi. Oil and cylinder sleeve cooling water tem- 
peratures held constant at 180^F. SAE 40 oil. 
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Figure 16.- Piston friction force as a function of piston displacement for three loads and two speeds. 

Notation same as in figure 13. Oil and cylinder cooling water temperatures 180°F. SAE 40 oil. 
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Pigijire 17,- Piston friction mean effective pressure as a function of in- 
dicated mean effective pressure for two engine speeds. Oil 
and cylinder cooling' water temperatures ISO^J^, SAE 40 oil. 




Figure 18a.- Cylinder sleeve displacement as a fxinction of common 

oil and cylinder sleeve cooling water temperatures 
SAE 80 oil. Speed 1800 rpm. 
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Figure 18b.- Cylinder sleeve displacement as a function of common 
e»r. OA r, cylinder sleeve cooling water temperatures. 

SAE 20 oil. Speed 1800 rpm. 
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Fig\ire 19.- Piston friction force as a function of piston displacement at a constant speed of 1800 

rpm. Common oil and cylinder cooling water temperatures varied as indicated* SAE 20 oil« 
Motation same as in fig-ore 13« 
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Figure 20 Temperature variation of the Saybolt universal viscosities of 
the two oils used in the piston friction engine. 
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Figure 21.- Variation of piston friction mean effective pressure as a 
function of absolute viscosity. Engine speed 1800 rpm, SAE 

20 oil. 



MCA 



Fig. 22 
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Figure 22.- Piston friction horsepower as a function of brake friction 
horsepower. 
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Fig. 23 




Figure 23.- Cylinder sleeve displacement as a fiuiction of time 

during the motoring "rxxnning in" of the cast iron 
piston. Speed 900 rpm. Temperatures of oil and cooling water 
160°F. SAE 20 oil. 



